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The past decade has witnessed numerous discoveries of two-dimensional (2D) semimetals and
insulators, whereas 2D metals are rarely identified. Borophene, a monolayer boron sheet, has recently
emerged as a perfect 2D metal with unique structure and electronic properties. Here we study
collective excitations in borophene, which exhibit two major plasmon modes with low damping
rates extending from infrared to ultraviolet regime. The anisotropic 1D plasmon originates from
electronic excitations of tilted Dirac cones in borophene, analogous to that in heavily doped Dirac
semimetals. These features make borophene promising to realize directional polariton transportation
and broadband optical communications for next-generation optoelectronic devices.
When propagating along the metal-dielectric interface
in plasmonic devices, electromagnetic waves couple with
electronic motions and form surface plasmon polaritons
(SPPs) [1, 2]. Noble metal films (e.g. Ag and Au) pro-
vide abundant free electrons to generate high-frequency
plasmons in SPP devices [3–6]. However, the SPPs in
these devices suffer from low confinements and signifi-
cant losses during propagation [7–9], resulted from the
manifold interband damping and strong plasmon-phonon
scatterings [10, 11].
Naturally, ultrathin two-dimensional (2D) materials,
such as graphene [12–15], phosphorene [16–20], and
MoS2 [21–27], are proposed to generate SPPs with low
damping rates and high confinements due to stronger
light-matter interactions [28–43]. However, low carrier
densities in these materials limit the frequencies of the
plasmonic response up to terahertz or infrared region,
where light sources and optoelectronic detectors are less
developed [44–50]. The 2D materials with higher car-
rier density and higher plasmon frequencies are particu-
larly desirable for building optical devices with beyond-
diffraction-limit resolutions, detecting biotechnological
processes, and enhancing atomic transitions [51–53].
Recently, borophene, a monolayer boron sheet, has
been experimentally synthesized either on a solid sub-
strate via molecular beam epitaxy [54, 55] or as free-
standing atomic sheets via sonochemical liquid-phase ex-
foliation [56]. Borophene has extraordinary electric, op-
tical and transport properties which are highly related
to its intrinsic metallic, Dirac-type band structures [57–
64]. The density of the Dirac electrons in borophene is
extremely high (1015 e/cm2) [57–59] compared to doped
graphene (1012 ∼ 1014 e/cm2) [65]. Thus, we expect that
borophene, as an intrinsic 2D metal with both high car-
rier densities and high confinements, can be a promising
candidate to build low-loss broadband SPP devices.
In this work, we report discovery of low-loss and
highly-confined broadband plasmons in borophene,
based on time-dependent density functional theory
(TDDFT) [66]. We observe two plasmon branches: A
high energy (HE) mode extends to ultraviolet and origi-
nates from collective excitations of bulk electrons in the
2D material; in the low energy (LE) region, a new plas-
mon mode exhibits a strong anisotropic behavior and
broadband response. The new plasmon mode originates
from collective electronic transitions of one-dimensional
(1D) electron gas derived from titled Dirac cones. Both
modes show remarkable low-loss properties comparable
to graphene, but at significant higher frequencies, thanks
to borophene’s high carrier density and low-dimensional
nature [11]. The confinement of plasmon in borophene is
also 2-3 orders of magnitude higher than that in Ag [7].
The discovery of novel plasmon modes make borophene
more suitable than graphene and noble metals for plas-
mon generation and integrated optoelectronics working
at a broad range of frequencies.
Figure 1 shows the atomic structure of the β12
borophene. The β12 borophene is the most stable phase
found in experiments [54–56] and is thus chosen as a
representative structure of borophene. The unit cell is
rectangular with the lattice parameters a1 = 2.92 A˚
and a2 = 5.06 A˚, consisting of five boron atoms. Pe-
riodic vacancies line up along the horizontal direction
(denoted as the X direction). This special structure in-
troduces anisotropy between the horizontal (X) and ver-
tical (Y) directions in both the real and reciprocal space
[Fig. 1(a)].
The optical absorption spectra, obtained from the
imaginary parts of the dielectric functions, are shown in
Fig. 1(b-c). We observe two plasmon branches in dif-
ferent broad energy ranges. A high energy branch (HE
mode) disperses almost linearly and extends to the ul-
traviolet regime (> 5.0 eV) at the momentum range
q > 0.4 A˚−1. This mode is almost isotropic along the X
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FIG. 1. (a) Structure and Brillouin zone of β12 borophene. (b-c) Imaginary parts of dielectric functions along the Γ-X and Γ-Y
directions. Shaded areas denote the single-particle excitations (SPE) regions. Green and red circles denote the peaks of the
high-energy (HE) and low-energy (LE) mode, respectively. The dashed line in (b) represents the dispersion of surface plasmon
in graphene [11]. (d) Confinement ratio λair/λp and (e) propagation length Re[q]/Im[q] of the borophene plasmon as a function
of wavelength. The colored areas denote the energy range of the visible light with the corresponding color.
and Y directions. In contrast, a low energy branch (LE
mode) shows evidently anisotropic dispersions along dif-
ferent directions. Along the Γ-X direction, the LE branch
shows an inverted parabolic dispersion over the whole
Brillouin zone, with the maximum energy at the half of
the reciprocal lattice vector, q = |b1|/2 = 1.07 A˚−1.
Along the Γ-Y, however, only the HE mode shows up
at small q regimes; the LE mode develops only at ener-
gies higher than ∼2 eV, whereas the two plasmon modes
strongly hybridize with each other. The features are sig-
nificantly different from the behaviors along the Γ-X di-
rection.
Both the HE and LE branches can form a broad-
band SPP with low losses. As shown in Fig. 1(d) and
(e), we calculate the confinement ratio λair/λp and rel-
ative propagation length Re[q]/Im[q] of borophene plas-
mons, where λair and λp are the light wavelengths in
air and borophene, respectively [11]. The LE plasmons
possess high confinement ratios λair/λp of 330–700 and
long propagation lengths Re[q]/Im[q] of 10–700 at differ-
ent wavelengths from 400 to 1240 nm. The λair/λp and
Re[q]/Im[q] of the HE plasmon are slightly lower over a
broader energy range. Both the confinement ratios and
propagation lengths are comparable to those in heav-
ily doped graphene (λair/λp ∼ 300 and Re[q]/Im[q] =
10 − 200) [11] and much larger than those in the Al
or Ag films (λair/λp ≈ 1) [7]. Furthermore, the low
damping SPPs only exists within the infrared regime
(λair > 1240 nm) in graphene [11, 14, 17, 27], while
borophene can generate the low-loss SPPs in a much
broader energy range from infrared to ultraviolet. This
indicates that borophene is a better building material for
the low-loss broadband optoelectronic devices.
In the following paragraphs, we discuss the elec-
tronic origin of these two outstanding characteristics, the
anisotropy and low-loss rate, of the borophene plasmon.
We first note that the anisotropic plasmon in borophene
is not a trivial consequence of the rectangular lattice,
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FIG. 2. (a) Three-dimensional band structures, (b) two-dimensional band structures, and (c) Fermi surface of β12 borophene.
FIG. 3. (a-c) Imaginary part of the dielectric function at different momenta q. Transition i → j denotes the component
contributed by the excitation from band #i to #j [Fig. 2(a) and (b)]. (d-f) The contour plot of the energy difference of the
7 → 7 intraband transition ω7,7(q, k) = 7,k − 7,k−q at different q. The green arrows denote the excitation from k − q to k.
The gray dashed lines denote the Fermi surface.
which generates only a weak anisotropy in phosphorene
plasmons [17]. Instead, the unique electronic structure is
the major reason of the anisotropy. As shown in Fig. 2(a)
and (b), band #7 crosses the Fermi energy and joins band
#8 at the Dirac points at 2 eV, indicating the metallic
nature of borophene and forming the Fermi surface, as
shown in Figure 2(c). Another Dirac point forms along
the S–Y direction and at a lower energy, 0.5 eV. Both
Dirac cones are titled in their shape, consistent with
experimental measurements [57, 58]. Thus, borophene
forms a Fermi surface comprising three parts: (I) a rib-
bon along Γ-Y centered at X, implying a 1D electron gas
(1DEG) from tilted Dirac electrons subjecting to strong
confinement along the Y direction; (II) two semicircu-
lar regions characterizing a bulk 2D electron gas; (III) a
small hole pocket near the Γ point.
We ascribe the anisotropic LE mode to the intraband
oscillations of the 1DEG between the Dirac cones. As
shown in Fig. 3, we analyze the contributions of different
electron-hole transitions to the plasmonic peaks within
the independent particle approximation (IPA). As shown
in Fig. 3(a-c), the HE mode emerges mainly at ∼ 3.8 eV
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FIG. 4. (a) Schematic band structure along X-Γ-X. The
dash line follows Ek = k
2/2m∗ + E0 with E0 = −3.26 eV
and m∗ = 1.6m0, representing the band of 1DEG@Γ with
the same dispersion as that of 1DEG@X. The black and
blue arrows denote the excitation channel of 1DEG@Γ and
1DEG@X, respectively. (b) The LE plasmon dispersions cal-
culated by the 1DEG model (solid line) and TDDFT (open
circles).
for q = 0.36 A˚−1, which comes from mixed interband
transitions of band #6 → #7, band #6 → #8 and band
#7 → #8. In comparison, the LE peaks are located at
1.08, 1.79, and 0.5 eV for q = 0.18, 0.36, and 2.06 A˚−1,
respectively, which are dominated by the intraband tran-
sitions #7 → #7. Accordingly, we visualize the excita-
tion mode of the LE plasmon in the reciprocal space.
The contour plot of the energy difference, ω7,7(q,k), be-
tween the initial state {7,k − q} and final state {7,k},
where ω7,7(q,k) = 7k − 7k−q for 7k > 0
⋂
7k−q < 0,
7k is the eigenvalue of band #7 at the k point. As
shown in Fig. 3(d-f), the oscillation of the 1DEG domi-
nates the LE mode and leads to its anisotropy, since the
1DEG can only oscillate along Γ-X direction. Specifi-
cally, at q = 0.36 A˚−1, the LE plasmon is generated by
electron excitations from the Fermi surface to the Dirac
points [57]. Thus, borophene can be viewed as an ex-
tremely hole-doped graphene in generating the LE plas-
mon.
To explain the mechanism of the low-damping charac-
teristic, we adopt the confined 1DEG model [67–69] that
is widely used to describe plasmons of atomic chains [70–
75]. We find an additional excitation channel exists
in the borophene for its special 1DEG centered at X
point (1DEG@X), compared with the usual 1DEG@Γ:
For excitations at certain momentum q, the conventional
channel for 1DEG@Γ [the black arrow in Fig. 4(a)] is
ω+,k,q = ωk+q − ωk = (kq + 12q2)/m, with ωk = k2/2m
(assuming ~ = 1 and m is the effective mass of elec-
tron). For 1DEG@X, there is an additional channel
(the blue arrow) located on the opposite side (−kF )
ω−,k,q = ω−k+q − ω−k = (−kq + 12q2)/m.
Accordingly, we calculate the plasmon dispersions of
these two excitation channels, which are determined
from the zeros of the dielectric function (q, ωp) =
1 − V (q)Reχ0(q, ωp) = 0. Here, ωp is the fre-
quency of plasmom, V (q) is the Coulomb potential,
χ0 is the response function with IPA [76] χ0(q, ωp) =
1
pi
∫
dkθ(q±k−kF )θ(kF∓k)
[
1
ω−ω±,k,q+iη − 1ω+ω±,k,q+iη
]
.
Thus, Reχ0(q, ωp) = ± 1piq ln
ω2−ω2−
ω2−ω2+ , where ω
2
± =∣∣kF q ± 12q2∣∣ /m are the upper (+) and lower (–) lim-
its of the single-particle excitation (SPE) regimes, re-
spectively. The 1D plasmon dispersions can be solved
as ω+p (q) =
√[
A(q)ω2+ − ω2−
]
/ [A(q)− 1] and ω−p (q) =√[
A(q)ω2− − ω2+
]
/ [A(q)− 1] [67, 76], where A(q) =
exp {piq/ [mV (q)]}, V (q) = e2/Keb2q2 ∫∞
b2q2
e−x/xdx, K
is the static dielectric constant, b is the width of the
1DEG, and m is the effective mass of electrons the 1DEG.
As shown in Fig. 4(b), while ω+p (q) hybridizes and
merges with the isotropic HE mode, ω−p (q) accurately re-
produces the inverse parabolic dispersion calculated from
TDDFT, with the parameters kF = 1.07 A˚
−1, b =4 A˚,
K = 6.25 and m = 2.4m0. We note that, among the pa-
rameters, kF is the length of Γ-X and thus not adjustable;
1DEG width b and dielectric constant K have negligible
effects on ωp(q) when q > 0.1 A˚
−1. The effective mass
m = 2.4m0 is slightly larger than that evaluated from the
band structure m∗ = 1.6m0, due to many body screen-
ing effects. This indicates that our model directly and
robustly reflects the electronic origin of novel borophene
plasmon.
The same model may also explain the LE plamon
branch along the Γ-Y direction. Along Γ-Y, electrons
first undergo an interband excitation to energy levels at
∼2 eV above the Fermi level, where electrons form a sim-
ilar 1DEG confined along Γ-Y direction. With strong in-
terband transitions included in plasmon excitations, exci-
tations of the 1DEG at Γ-Y have similar excitation chan-
nels as 1DEG along Γ-X discussed above. Therefore, a
kink in plasmon dispersion at ∼2 eV is formed, followed
5by an inverse parabolic dispersion along the Γ-Y direc-
tion.
Based on these results, we discuss the mechanism of
the low-damping behavior of the LE plasmon. With
q → ∞, these two branches ω−p (q) and ω+p (q) yield dif-
ferent asymptotic behaviors. The A(q) dominates when
q → ∞ and leads ω+p (q) → ω+ and ω−p (q) → ω−. That
is, ω+p (q) [ω
−
p (q)] is always higher (lower) than the SPE
region. Moreover, the Dirac-type intraband excitations
[Fig. 3(e)] further suppress the SPE region, since the
pseudospin symmetry forbids perpendicularly-polarized
excitations [29]. The combined effects remarkably pro-
duce the low-loss LE plasmons.
Absent in other 2D materials, we observe the coex-
istence and interplay of the 1DEG, 2DEG and Dirac
electrons in the collective plasmon excitations in metal-
lic borophene. The exotic features such as low-loss,
strong confinement and panchromatic responses of
LE and HE plasmons make borophene a promising
candidate for applications in nanophotonics and inte-
grated optoelectronics working at broadband frequencies.
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